Introduction
Levels of cell-surface membrane proteins are controlled by the balance between recycling pathways returning them to the plasma membrane and their ubiquitination and endosomal sorting complexes required for transport (ESC RT)-dependent sorting into multivesicular bodies (Maxfield and McGraw, 2004; Grant and Donaldson, 2009; Piper et al., 2014) . Recycling can be regulated at the level of individual proteins through specific sorting signals, which are recognized by particular machinery (Hsu et al., 2012) . In addition, overall flux through recycling pathways can be regulated globally by signal transduction and metabolic cues, as in the case for growth factor withdrawal, which causes accumulation of a broad set of nutrient transporters in intracellular compartments (Corvera et al., 1986; Tanner and Lienhard, 1987) . How global regulation of recycling is orchestrated is unclear, but it is partly controlled through TORC1 signaling, which is constitutively active in some cancer cells, allowing them to sustain an elevated supply of nutrients Thompson, 2002, 2004) . Metabolic control over the global trafficking of cell surface proteins is also observed in Saccharomyces cerevisiae (Sc), where a variety of membrane transporters ultimately sort to the vacuole lumen for degradation upon limitation of nitrogen, glucose, or NAD + (Jones et al., 2012; Becuwe and Léon, 2014; Lang et al., 2014; Müller et al., 2015; O'Donnell et al., 2015) . This effect is explained in part by increased ubiquitination of the membrane protein cargoes and more efficient sorting into the multivesicular body (MVB) pathway (Babst and Odorizzi, 2013; Huber and Teis, 2016) . TORC1 has been shown to influence this process in part by regulating the activity of particular ubiquitin (Ub)-ligase complexes. However, various interrelated regulatory pathways that connect TORC1 activity to ubiquitination do not adequately explain how global control of their trafficking is mediated by nutrient stress, such as nitrogen limitation (Schmidt et al., 1998; MacGurn et al., 2011; Martín et al., 2011; Merhi and André, 2012; Crapeau et al., 2014; Pfannmüller et al., 2015) . One aspect that remains unclear is the extent to which metabolic cues may control flux through the trafficking pathways that convey proteins back to the plasma membrane.
Recycling of membrane proteins back to the surface of mammalian cells can occur along a variety of pathways, including a rapid, direct pathway and a slower route that passes through Rab11-positive recycling endosomes (Maxfield and McGraw, 2004; Grant and Donaldson, 2009; Huotari and Helenius, 2011) . Endocytosed recycling proteins, such as the Transferrin receptor, mainly follow these routes and very rarely transit the trans-Golgi network (TGN; Snider and Rogers, 1985; Sheff et al., 1999) . However, there is limited understanding of what protein machinery controls these routes and the processes that regulate flux of recycling. Recycling in yeast was first widely recognized from experiments using the styryl endocytic tracer dye, FM4-64, and the fluid phase dye, Lucifer Yellow, both of which are quickly secreted from yeast cells after internalization (Wiederkehr et al., 2000 Galan et al., 2001) . This pathway is distinct from the sorting of late endosomes/ MVBs, because FM4-64 efflux is unaltered in vps4Δ mutants (Wiederkehr et al., 2000) , which trap MVB cargoes within Endocytosed cell surface membrane proteins rely on recycling pathways for their return to the plasma membrane. Although endosome-to-plasma membrane recycling is critical for many cellular processes, much of the required machinery is unknown. We discovered that yeast has a recycling route from endosomes to the cell surface that functions efficiently after inactivation of the sec7-1 allele of Sec7, which controls transit through the Golgi. A genetic screen based on an engineered synthetic reporter that exclusively follows this pathway revealed that recycling was subject to metabolic control through the Rag GTPases Gtr1 and Gtr2, which work downstream of the exchange factor Vam6. Gtr1 and Gtr2 control the recycling pathway independently of TORC1 regulation through the Gtr1 interactor Ltv1. We further show that the early-endosome recycling route and its control though the Vam6>Gtr1/Gtr2>Ltv1 pathway plays a physiological role in regulating the abundance of amino acid transporters at the cell surface. exaggerated late-endosomal compartments. One critical component of this efflux pathway is Rcy1, an F-box protein whose function defines this process yet whose molecular function remains poorly defined. Loss of Rcy1 and other components involved in this pathway, such as the phospholipid flippase Drs2/ Cdc50 complex and the Arf effector, Gcs1, traps endocytosed material in early endosomes (Hua et al., 2002; Chen et al., 2005; Robinson et al., 2006; Furuta et al., 2007; Xu et al., 2013) . One well-studied protein that traffics in an Rcy1-dependent route through early endosomes is the SNA RE protein Snc1. Unlike the major endocytic recycling pathways in mammalian cells, return of endocytosed Snc1 to the cell surface is thought to occur mainly via transport from early endosomes back to the TGN/Golgi along a retrieval pathway before transit to the cell surface (Tanaka et al., 2011; Sebastian et al., 2012; Feyder et al., 2015; MacDonald and Piper, 2016) . This model is rooted in observations showing that a portion of GFP-Snc1 colocalizes with Sec7 (an Arf exchange factor that marks the TGN), and that Snc1 quickly accumulates intracellularly when proteins required for transport through the Golgi are acutely inactivated (Lewis et al., 2000; Chen et al., 2005; Robinson et al., 2006) . Indeed, yeast are not currently known to have a direct surface recycling pathway from early endosomes to the cell surface that bypasses a retrieval step to the TGN (MacDonald and Piper, 2016) . Here we find that yeast do have such a recycling pathway from early endosomes to the plasma membrane (EE>PM). A genetic screen revealed that recycling requires a signal transduction pathway operating through the Rag GTPases, which in addition to activating TORC1 (Panchaud et al., 2013b) , controls recycling through the Gtr1 effector Ltv1 in a manner that is independent of TORC1. Global control over the trafficking of cell-surface proteins upon nitrogen stress is explained by the combined effects of both branches of the bifurcated Gtr1/Gtr2-Rag GTPase pathway, involving retardation of the recycling pathway and inhibition of TORC1.
Results

Cell-surface recycling from early endosomes
To determine whether an EE>PM recycling route might operate in yeast, we examined the efflux of FM4-64 after a short internalization pulse, which localizes dye to numerous endosomal puncta. Flow cytometry monitoring of the remaining dye showed that ∼70% of the internalized FM4-64 was secreted after 10 min, confirming previous work demonstrating that FM4-64 efflux is rapid and extensive (Wiederkehr et al., 2000) . The pool of secreted FM4-64 originated from early endosomes because high efflux rates were observed only when dye was allowed to internalize for short periods of time ( Fig. 1 A) . When FM4-64 was chased for a further 15 min, under which conditions it reached late endosomes and the limiting membrane of the vacuole ( Fig. 1 B) , only a low rate of efflux was observed. These data confirm that FM4-64 can readily leave early endosomes and traffic to the plasma membrane, but that efflux from late endosomes is far slower. Similarly, cells lacking the ESC RTassociated Vps4 AAA-ATPase, which dramatically slows flux through late endosomal structures (Babst et al., 1997) , had no effect on efflux of FM4-64 from early-endosomal compartments, consistent with previous observations (Wiederkehr et al., 2000) . To test how FM4-64 is secreted, we performed dye efflux assays in cells harboring temperature-sensitive (ts) alleles of secretory pathway components: the sec1-1 ts mutant arrests the secretory pathway at the final step of SNA RE-mediated vesicle fusion to the plasma membrane, whereas the sec7-1 ts mutant halts Arf1-dependent traffic through the TGN/Golgi apparatus (Novick et al., 1980) . At permissive temperature (22°C), the rates of efflux in sec1-1 and sec7-1 cells were similar; at restrictive temperature (37°C), however, sec1-1 cells quickly ceased to secrete FM4-64 ( Fig. 1 C) . In contrast, efflux was not slowed in sec7-1 cells at 37°C. Previous studies have shown that Snc1, a v-SNA RE protein, recycles, colocalizes with the Golgi marker Sec7, and relies on Golgi function to return to the cell surface (Lewis et al., 2000; Robinson et al., 2006) , thus following an itinerary from early endosomes to the TGN to join the secretory pathway back to the cell surface. In agreement, we found that when shifted to 37°C, sec7-1 cells rapidly relocated cell-surface GFP-Snc1 to large intracellular puncta similar to the enlarged Golgi compartments that accumulate after Sec7 inactivation (Mioka et al., 2014) . However, we found minimal colocalization of FM4-64 with GFP-Snc1 after inactivating Sec7, suggesting that the dye does not travel exclusively through the Golgi during its return to the cell surface ( Fig. 1 D) . In contrast, Sec1 inactivation caused accumulation of both FM4-64 and GFP-Snc1 in small puncta within the same cellular regions, suggesting that Sec1 is required for the fusion of FM4-64 carrying transport intermediates with the plasma membrane. However, the extent to which GFP-Snc1 and FM4-64 occupied the same vesicular carriers or arrived at the plasma membrane in distinct carriers could not be discerned at this resolution.
We confirmed previous studies (Wiederkehr et al., 2000) that rcy1Δ cells are defective for FM4-64 recycling, with vacuolar delivery of the remaining dye being accelerated (Fig. 2 , A and B). However, no effect on FM4-64 recycling (Fig. 2 B) was found upon loss of components that mediate a retrograde retrieval route back to the TGN from endosomal compartments (e.g., retromer, Ere1, Ere2, and Snx42; Seaman et al., 1998; Hettema et al., 2003; Shi et al., 2011) . Together, these data indicate that a portion of internalized FM4-64 can follow a recycling route from early endosomes to the plasma membrane (EE>PM), bypassing the TGN (Fig. 2 F) . Additional phenotypes of rcy1Δ cells emphasized the importance of the recycling pathway. The Mup1 methionine transporter, which localizes to the cell surface in the absence of methionine, appears to travel through an Rcy1-dependent recycling route, because it is trapped within intracellular puncta in rcy1Δ mutants (Fig. 2 C) . Likewise, we found that growth of trp1 auxotrophic cells in restricted tryptophan (Trp) conditions was dramatically compromised in rcy1Δ cells, indicating their inability to maintain sufficient levels of the Tat2 transporter at the cell surface ( Fig. 2 D) .
An engineered reporter for the EE>PM recycling pathway
We next wanted to identify what cellular machinery was required for operating the EE>PM recycling route. For this, we needed a sensitive and well-defined reporter cargo that could be used in a genetic screen. One problem was that endogenous proteins that follow such a route might also participate in several other trafficking pathways and not be primarily constrained to the EE>PM pathway ( Fig. 2 F) . Although previous studies have used Snc1 as a reporter to implicate Rcy1, alongside Drs2, Ypt31, and Ypt32, in trafficking out of early endosomes back to the plasma membrane (Galan et al., 2001; Chen et al., 2005; Furuta et al., 2007; Liu et al., 2007) , it does not serve as an selective marker of a recycling pathway because Snc1 clearly follows a retrieval pathway back to the TGN/Golgi from early endosomes. Snc1 is also problematic, because its distribution in the cell is highly sensitive to growth conditions (Fig. 2 E) and it is subject to increasing levels of Ub-and ESC RT-dependent sorting into the vacuole during nutrient stress MacDonald and Piper, 2016) . Mup1 might be a candidate, given that it is trapped within endosomes in rcy1Δ cells; but our previous experiments showed that Mup1 undergoes Ub-dependent trafficking to the vacuole when medium lacks a full complement of vitamins or nitrogen, making it unreliable as a phenotypic marker in a high-throughput screen . Previous data suggest that Ste3, the a-factor G protein-coupled receptor, can cycle between endosomes and the cell surface (Davis et al., 1993; Roth and Davis, 1996) ; however, at steady state, Ste3 is largely localized in the vacuole, owing to its constitutive ubiquitination and MVB sorting ( Fig. 2 E) .
To engineer a better reporter protein of the EE>PM route, we started with Ste3 and blocked its ability to follow the Uband ESC RT-dependent route to the vacuole lumen by fusing it to the catalytic domain of the UL36 deubiquitinating peptidase (DUb) and GFP for visualization by microscopy (Stringer and Piper, 2011) . We reasoned that fusion of a DUb would prevent trafficking of Ste3 to the vacuole yet still allow it to undergo Figure 1 . FM4-64 follows a Golgi-independent route from early endosomes to the plasma membrane. FM4-64 efflux measurements (A) and localization of remaining dye (B) from wild-type and vps4Δ cells after 9-min uptake of FM4-64 at 25°C followed by 0-or 15-min chase before the assay. (C) FM4-64 efflux in sec1-1 and sec7-1 ts cells performed at 22°C or 37°C (top), with growth phenotype of ts mutants confirmed (bottom). (D) Colocalization of GFP-Snc1 with FM4-64-labeled endosomes after 10-min uptake assessed in ts mutants at 22°C or 37°C. Bars, 5 µm.
internalization via its Sla1-binding NPF XD motif (Howard et al., 2002) and recycle via its natural, albeit uncharacterized, route back to the cell surface ( Fig. 3 A) . In wild-type cells, Ste3-GFP-DUb localized almost exclusively to the plasma membrane ( Fig. 3 B) , and levels of the vacuolar Pep4-processed form of GFP that is characteristic of delivery to the vacuole were minimal ( Fig. 3 C) . In addition, Ste3-GFP-DUb retained its cell-surface localization in cells grown to late-log phase ( Fig. 3 D) , when limiting nutrients cause other cell-surface proteins to shunt to the vacuole and other intracellular compartments (Fig. 2 E) . In contrast, Ste3-GFP-DUb accumulated in multiple puncta in rcy1Δ cells, where it colocalized with FM4-64-labeled early endosomes ( Fig. 3 F) . The addition of the Ste3 ligand a-factor, which stimulates endocytosis and resulted in complete delivery of Ste3-GFP to the vacuole, had only a marginal effect on Ste3-GFP-DUb in wild-type cells. In rcy1Δ cells, however, a-factor drove the residual level of cell surface Ste3-GFP-DUb into endosomal puncta ( Fig. 3 E) . Like FM4-64, Ste3-GFP-DUb was quickly redistributed to intracellular compartments after inactivation of Sec1 but did not appreciably accumulate in Golgi compartments after inactivation of Sec7 (Fig. 3 B) . Ste3-GFP-DUb was exclusively localized to the plasma membrane in vps4Δ cells (Fig. 3 G) and not the exaggerated late-endosomal compartments that accumulate ubiquitinated cargo, such as Mup1-RFP-Ub, in these mutants (Babst et al., 1997) . Finally, Ste3-GFP-DUb did not accumulate in late-endosomal compartments of vps4Δ cells when RCY1 was additionally deleted (Fig. 3 G) . Collectively, these data Figure 2 . Various cargoes use an Rcy1-dependent recycling route. (A) Accumulation of FM4-64 at indicated chase times in wild-type and rcy1Δ cells; micrographs were normalized across the series. (B) FM4-64 efflux in indicated mutants. (C) Mup1-GFP localization in wild-type and rcy1Δ cells grown to mid-log phase. (D) Growth assays in wild-type and rcy1Δ cells carrying the trp1 mutation using indicated concentrations of Trp. (E) Wild-type cells expressing either Ste3-GFP or GFP-Snc1 were grown to mid-and late-log phase followed by fluorescence microscopy. (F) Cartography of endocytic pathway: after internalization, cargo enters the Vps4dependent MVB/degradation pathway or returns from early endosomes or late endosomes to the cell surface via the Golgi/TGN along routes that require Sec7 and Sec1. Cargo such as FM4-64 requires Rcy1 and Sec1, but not Sec7, to return to the plasma membrane. Bars, 5 µm. support the idea that the Ste3-GFP-DUb reporter is a useful and robust proxy for assessing the function of the EE>PM recycling route, which is dependent on Rcy1 and is followed by a portion of internalized FM4-64.
Genetic dissection of the EE>PM recycling pathway
The distribution of Ste3-GFP-DUb was assessed in each of the mutants within the MAT α yeast haploid nonessential gene deletion collection (Winzeler et al., 1999) . Initially, 366 mutants were identified using a liberal scoring system of any Ste3-GFP-DUb puncta. These candidates were grown under optimal conditions to reveal 89 mutants clearly defective in localizing Ste3-GFP-DUb to the cell surface. After the identity of the gene deletion was decoded from its position in the mutant array and the genotype of each mutant was confirmed by PCR (Table S1 ), Ste3-GFP-DUb was localized in cells grown to mid-log phase under identical conditions and imaged for comparison ( Fig. 4 A) . Mutants were also assessed for defects in FM4-64 efflux using flow cytometry ( Fig. 4 B and Fig. S1  b) . Finally, each candidate gene was deleted in a Trp − auxotroph parental strain and tested for growth in limiting tryptophan (Figs. 4 C and S1 c). Collectively, the mutants identified in this screen compose the machinery controlling the EE>PM recycling pathway in yeast. Whereas some of the components have clear mechanistic links to a variety of expected functions, such as vesicle tethering, fusion, and tubule formation, others provide unanticipated links to lipid homeostasis, transcriptional programs, and metabolism, while also filling putative functional roles for a handful of uncharacterized proteins (Fig. S1 a) . The performance of the screen was validated by its unbiased identification of rcy1Δ, drs2Δ, cdc50Δ, and gcs1Δ mutants, all of which have been previously implicated in transport from early endosomes ( Furuta et al., 2007; Liu et al., 2007) . Single mutants of either ypt31Δ or ypt32Δ were defective for Ste3-GFP-DUb localization ( Fig. S2 ), consistent with a specific role in recycling inferred from their physical association with Rcy1, their requirement for trafficking Snc1, and mutations within their TRA PP-II GEF complex that phenocopy the recycling defects of rcy1Δ mutants (Chen et al., 2005; Cai et al., 2007; Furuta et al., 2007) . Loss of Nhx1, the endosomal Na/H + exchanger, caused a profound mislocalization of Ste3-GFP-DUb to large punctate structures that are distinct from late endosomes, accumulation of intracellular Mup1-GFP, and defects in FM4-64 efflux, helping to confirm a major role for Nhx1 in endosomal trafficking, as has been proposed in yeast and mammalian cells (Bowers et al., 2000; Brett et al., 2005; Ohgaki et al., 2010; Kojima et al., 2012; Kondapalli et al., 2015) . Overall, these findings validate the screen and its stringency.
Metabolic control of cell-surface proteins through the EE>PM recycling pathway
We also identified Gtr1, Gtr2, and Vam6 as defective for recycling, indicating a level of regulation by nitrogen metabolism (Fig. 5 A) . Gtr1 and Gtr2, the yeast Rag GTPases, control a conserved mechanism to activate TORC1 (Powis and De Virgilio, 2016) . Gtr1 and Gtr2 are localized to the limiting membrane of the vacuole via the Ego complex (Ego1 and Ego3), the yeast homolog of the Ragulator (Dubouloz et al., 2005; Binda et al., 2009) . Ego-dependent localization on the vacuole allows GTP-bound Gtr1 and GDP-bound Gtr2 (which are in their activated states) to stimulate TORC1 (Powis et al., 2015; Kira et al., 2016) . Upstream of Gtr1 is Vam6, which works as an exchange factor for Gtr1 and senses leucine levels in concert with the leucyl-tRNA synthetase, Cdc60 (Bonfils et al., 2012) . Cells lacking Vam6, Gtr1, or Gtr2 mislocalized Ste3-GFP-DUb to early endosomes labeled with FM4-64 ( Fig. 5, B and C). Like gtr1Δ and gtr2Δ mutants, loss of Vam6 caused defects in FM4-64 efflux (Fig. 5 D) and slow growth in limited tryptophan ( Fig.  S1 d) . Vam6 is known to have other cellular functions, including roles in SNA RE-mediated vacuole fusion in concert with Vam2/ Vps41 and the HOPS complex components Vps11, Vps16, and Vps18 (Balderhaar and Ungermann, 2013) . However, loss of these other Vam6-interacting components caused no defects in recycling, as measured by localization of Ste3-GFP-DUb ( Fig. 6) . Epistasis experiments confirmed that Gtr1 functions downstream of Vam6 within their pathway to control recycling, because the defect in FM4-64 efflux of vam6Δ mutants was largely suppressed by expressing a GTP-locked mutant of Gtr1 (Gtr1 GTP ) or coexpression of Gtr1 GTP and Gtr2 GDP (Fig. 5 D) .
The requirement of Gtr1 GTP and Gtr2 GDP for the recycling pathway suggested that their downstream effector TORC1 was a regulator of the pathway. However, we found that disrupting TORC1 function or the physical connection between Gtr1/Gtr2 and TORC1 had no effect on recycling. Recycling of Ste3-GFP-DUB was efficient after rapamycin treatment, deletion of the TORC1 subunits Tor1 or Tco89, and loss of the Ego complex (yeast Ragulator) components Ego1 and Ego3, which localize Gtr1/Gtr2 to the vacuole surface near TORC1 (Fig. 6 C) . In addition, rapamycin treatment did not inhibit FM4-64 efflux (Fig. 6 A) . Previous studies identified several additional proteins that function as GTPase-activating proteins (GAPs) for Gtr1 and Gtr2 that contribute to TORC1 control (Panchaud et al., 2013a,b; Péli-Gulli et al., 2015) . However, loss of Npr2, Npr3, Sea2, Sea3, Sea4 (regulators of Gtr1), Lst4, or Lst7 (regulators of Gtr2) did not affect Ste3-GFP-DUb recycling. In addition, loss of Npr2 or Sea2 had no effect on FM4-64 efflux (Fig. 6 B) . Instead, our experiments indicated Ltv1, an alternate downstream interactor of Gtr1. Previous studies demonstrated that Ltv1 interacts with Gtr1 GTP and disrupts trafficking of Gap1 (Gao and Kaiser, 2006) . We found that loss of Ltv1 caused Ste3-GFP-DUb to accumulate within early endosomes ( Fig. 5 C) , defects in FM4-64 efflux (Fig. 5 D) , and slow growth in medium containing low levels of tryptophan ( Fig. S1 d) . Epistasis experiments indicated that Ltv1 functions downstream of Gtr1/Gtr2, because the defect of FM4-64 efflux of ltv1Δ mutants was not suppressed by expressing Gtr1 GTP alone or in combination with Gtr2 GDP (Fig. 5 D) . Thus, a model emerged wherein a series of multifunctional proteins collaborate within a specific metabolic pathway to execute EE>PM recycling (Figs. 5 A and 6 C). Importantly, although Vam6, Gtr1, and Gtr2 have alternative cellular roles besides controlling EE>PM recycling, we could eliminate the possibility that these additional functions were in control of the recycling pathway (Fig. 6 C) .
We next focused on the possibility that Ltv1 had an additional direct role in the EE>PM recycling pathway distinct from its known role in ribosome biogenesis. Ltv1 is required for biogenesis of the pre40S ribosome, and loss of Ltv1 causes severe growth defects at low temperature (Seiser et al., 2006; Merwin et al., 2014; de la Cruz et al., 2015) . Ltv1 binds Rps3 and Rps20 to help configure the pre40S ribosome and is then ejected before assembly with the 60S subunit, in a process controlled by the phosphorylation of Ltv1 by the yeast casein kinase, Hrr25 (Schäfer et al., 2006; Ghalei et al., 2015) . However, the role of Ltv1 in recycling appeared to be independent of pre40S ribosome assembly, because loss of Yar1, which works at a similar step upstream of Ltv1 (de la Cruz et al., 2015) , had no effect on Ste3-GFP-DUb recycling or FM4-64 efflux (Fig. 6, A and B) . To better distinguish a specific role for Ltv1 in recycling, we sought to genetically separate its potential dual roles in the cell. For this, we made a series of chimeras between Ltv1 from Sc and several distant species including the tree mushroom, Cylindrobasidium torrendii (Ct; Fig. 7 A) , which was expressed at comparable levels (Fig. 7 B) . To preserve Ltv1 function for pre40S ribosome assembly, we made a Ct chimera (Ct-Ltv1 Sc_Rps3/20 ) containing the known Rsp3-and Rps20-interacting regions from Sc while also changing the Hrr25 phosphorylation sites to glutamate residues, to circumvent the need for Hrr25-dependent phosphorylation (Ghalei et al., 2015) . We expressed these chimeras from a low-copy plasmid in ltv1Δ cells and compared these cells to either wild-type cells or ltv1Δ cells expressing the Sc-Ltv1 S>E allele comprising Sc LTV1, also carrying the glutamate residue substitutions. Whereas Sc-Ltv1 S>E fully restored FM4-64 efflux and normal growth to ltv1Δ mutants, Ct-Ltv1 Sc_Rps3/20 was defective for FM4-64 efflux but still restored growth ltv1Δ mutants (Fig. 7, C and D) . These data show that the role of Ltv1 in recycling can be clearly dissected from its general role in ribosome assembly and growth. We also found alleles that could partially operate in an opposite manner. Here we found that an Sc chimera (Sc-Ltv1 Ct_Rps3/20 ) in which the Rsp3 and Rps20 binding regions were replaced with the corresponding regions from Ct had a severe growth defect at low temperature yet could partly suppress the FM4-64 recycling defect of ltv1Δ mutants (Fig. 7, C and D) .
Localization experiments buttress the model wherein Gtr1/Gtr2 and Ltv1 work directly on the recycling pathway. In wild-type cells (Fig. 7 E) , mCherry-tagged Gtr1 and Gtr2, as well as their activated mutant forms (Gtr1 GTP and Gtr2 GDP ), were localized diffusely in the cytosol as well as on the limiting membrane of the vacuole, consistent with previous observations (Powis et al., 2015; Kira et al., 2016) . We found that GFP-tagged Ltv1 was mostly localized to the cytosol, with moderate accumulation in the nucleus, consistent with previous studies (Seiser et al., 2006; Merwin et al., 2014) . If Gtr1/Gtr2 and Ltv1 transiently associate with endosomes, we reasoned that they might be captured there in mutants that accumulate intermediates along this pathway. Therefore, we performed a localization experiment in nhx1Δ mutants that accumulate large early endosomal . Genetic screen reveals mutants defective in EE>PM recycling. Viable yeast deletion mutants (BY4742 derived) were screened visually for altered localization of plasmid-expressed Ste3-GFP-DUb. (A) Mutants were imaged after growth to mid-log phase under identical conditions. Indicated mutants are color coded: wild-type (orange); rcy1Δ (red); ist1Δ and nhx1Δ (green); gtr1Δ, gtr2Δ, vam6Δ, and ltv1Δ (blue). (B) Summary of FM4-64 efflux assays from mutants plotted as the percentage fluorescence loss after 10-min chase. (C) Summary of growth defects in low tryptophan of mutants made in trp1 auxotrophic (SEY6210 derived) parental strain. Bar, 5 µm.
structures that capture cargoes such as Ste3-GFP-Ub, FM4-64, and Mup1-GFP (Fig. S2 ). Loss of Nhx1 caused a distinct relocalization pattern for Gtr1, Gtr2, and Ltv1 in which Ltv1-GFP localizes to Gtr1-and Gtr2-containing puncta (Fig. 7 F) . Moreover, Gtr1 and Gtr2 also colocalized with intracellular Ste3-GFP-DUb. Colocalization of Gtr1-RFP with Ste3-GFP-DUb to intracellular puncta in nhx1Δ cells was compromised upon further loss of Ltv1, suggesting that Ltv1 may have a role in recruiting Gtr1 to endosomal structures. Other recycling pathway mutants, such as drs2Δ (Fig. 7 G) , did not accumulate Gtr1 in endosomal structures, suggesting that the intermediates accumulated in nhx1Δ mutants are qualitatively different from those in drs2Δ mutants or that Drs2 is part of the protein recruitment machinery for Gtr1 and its associated cohort. We next assessed how the Vam6>Gtr1/Gtr2>Ltv1 pathway might control the recycling pathway in a physiological context. Vam6 is part of the mechanism that senses leucine, conveying that signal to Gtr1 to regulate TORC1 (Binda et al., 2009; Valbuena et al., 2012) . We found that leucine starvation also blocked recycling, as observed by Ste3-GFP-DUb mislocalization (Fig. 8 A) and retardation of FM4-64 efflux (Fig. 8 B) . The defect in FM4-64 efflux could be suppressed by expressing the activated Gtr1 GTP protein (Fig. 8 B) , supporting the model that leucine signals through the Vam6>Gtr1/Gtr2>Ltv1 pathway to control recycling. We next determined how regulation of the recycling pathway could play a role in the overall trafficking of cell surface proteins. Mup1-GFP recycling is defective when the Vam6>Gtr1/Gtr2 pathway is disrupted (Fig. 8 C) , and previous studies have shown that nutrient depletion, specifically starvation for leucine, can cause proteins such as Mup1 to traffic to the vacuole (Jones et al., 2012) . This effect partly relies on Ub-and ESC RT-mediated trafficking through the MVB pathway, which is responsible for packaging membrane proteins into endosomal lumenal vesicles. Whereas TORC1 inhibition causes global up-regulation of Rsp5 activity (Iesmantavicius et al., 2014) and TORC1 activity controls trafficking of nutrient transporters, opposing modes of TORC1 control over individual transporters have been described. Some stimuli that activate TORC1 cause amino acid transporters such as Can1, Mup1, and Gap1 to traffic to the vacuole through activation of particular arrestin-related substrate-adaptors of the Rsp5 ligase (Schmidt et al., 1998; MacGurn et al., 2011; Martín et al., 2011; Merhi and André, 2012; Crapeau et al., 2014; Pfannmüller et al., 2015) . This mechanism does not explain how leucine starvation, which would inactivate TORC1, results in rapid withdrawal of transporters from the cell surface. An alternative explanation is that the effect of leucine starvation reflects a compound phenotype of both TORC1 inactivation and regulation of the recycling pathway via Ltv1 because both would be controlled by the Leu-cine>Cdc60>Vam6>Gtr1 signaling pathway. Fig. 8 D supports this model in that acute inhibition of TORC1 with rapamycin had no effect on the cell-surface localization of Mup1. Yet in ltv1Δ mutants, where the other branch of the Gtr1 pathway is blocked, rapamycin had a dramatic effect on sorting Mup1-GFP to the vacuole that mimicked the full effect of leucine starvation.
Discussion
Discovery of an EE>PM pathway in yeast and identification of its molecular machinery using a dedicated synthetic reporter helps clarify functions for several proteins that have clear mammalian homologs (Table S2 ). These studies also reveal a mechanistic framework for how EE>PM recycling can be regulated by signal transduction pathways that integrate the overall metabolic activity of the cell. Both Snc1 and Ste3-GFP-DUb are internalized from the cell surface and travel out of early endosomes before reaching late endosomes. Both of these cargoes are trapped within early endosomes in cells lacking some of the known protein machinery required for transport out of early endosomes, including Rcy1, Drs2, Cdc50, and the Arf-GAP Gcs1 (Wiederkehr et al., 2000; Hua et al., 2002; Chen et al., 2006; Robinson et al., 2006) . We found that the Ste3-GFP-DUb reporter stayed confined to an early endosome/PM itinerary in that it did not travel through late endosomes that accumulate class E/ESC RT vps mutants, and it did not undergo Ub-dependent sorting into multivesicular bodies. Ste3-GFP-DUb also did not accumulate in Golgi structures in sec7 ts cells at the nonpermissive temperature under conditions where GFP-Snc1 did. This suggests that although flux of internalized GFP-Snc1 through the sec7-1sensitive step through the Golgi is substantial, that of Ste3-GFP-DUb is much less, together illustrating that the route Snc1 takes from endosomes is demonstrably distinct from that of Ste3-GFP-DUb. Importantly, Ste3-GFP-DUb did accumulate intracellularly upon acute loss of Sec1 function (via a sec1 ts allele), showing that the bulk of Ste3-GFP-DUb is internalized and recycled within the time frame of our experiments. These data imply that both Golgi-derived and endosomederived transport intermediates use a Sec1-sensitive step for fusion with the plasma membrane. Such a model is consistent with data from animal cells, where a cohort of highly homologous SNA REs and associated proteins function in both secretory and endosome-derived transport intermediates to mediate fusion with the plasma membrane (Huynh et al., 2007; Hong and Lev, 2014) . Here, such a model obliges that Snc1/2 would populate both intermediates. Retrieval of Snc1 from early endosomes back to the TGN/Golgi has been clearly established (Lewis et al., 2000; Galan et al., 2001; Chen et al., 2005; Robinson et al., 2006) . Whereas these data clearly show that a major flux of endosomal Snc1 back to the plasma membrane can travel through TGN/Golgi compartments, they do not exclude the possibility that Snc1 also travels through other pathways, such as the EE>PM pathway proposed here, which bypasses the TGN/Golgi. In contrast to Snc1, the Ste3-GFP-DUb reporter behaved more similarly to FM4-64, as it did not readily accumulate in Golgi-like compartments upon inactivation of Sec7 under our experimental conditions. We note that previous experiments have shown localization of FM4-64 to Sec7-positive compartments and concluded that FM4-64 traveled back to the Golgi apparatus during its return to the cell surface (Lewis et al., 2000; Bhave et al., 2014) . In our experiments, inactivation of Sec7 accumulated Snc1 in compartments markedly distinct from endosomal populations of FM4-64, and dye efflux remained efficient when transit through the Golgi was blocked. One of the difficulties in following FM4-64 is that it travels along multiple pathways, and the basis of its trafficking (as a styryl dye, it binds to a complex of lipids that remain unknown) is unclear. After internalization, some FM4-64 travels to the limiting membrane of the vacuole, and a different portion is effluxed from the cell. Even the mutants defective in FM4-64 recycling exhibit a sizable rate of residual FM4-64 efflux (Figs. 4 and S1 ). Furthermore, we found that some of these defects are additive, whereby FM4-64 efflux is far worse in an ltv1Δ nhx1Δ double mutant than it is in either single mutant (Fig. S3 g) . This could indicate either that loss of each gene results in a partial block of the same pathway or that multiple pathways for FM4-64 efflux exist. It may be that compromise of one pathway would shunt FM4-64 through a different one, including a route via the Golgi apparatus. As Ste-GFP-DUb and the bulk of FM4-64 appeared to follow a recycling route that bypassed the Golgi, and most of the mutants defective for Ste3-GFP-DUb localization had defects in FM4-64 efflux, we conclude that both cargoes mainly report on the direct EE>PM pathway.
For those proteins with less defined roles in the endocytic pathway, discovering a role for them in EE>PM recycling potentially clarifies their primary function. One such protein is Nhx1, an Na + /H + exchanger localized to early endosomal compartments (Kojima et al., 2012) . Loss of Nhx1 in yeast causes changes in late endosome function reminiscent of ESC RT mutants, which have defects in MVB biogenesis and accumulate cargo proteins within enlarged late endosomes (Bowers et al., 2000) . We find that nhx1Δ mutants accumulate Ste3-GFP-DUb in endosomal compartments that are distinct from the late endosomal structures that accumulate in ESC RT-deficient cells (Fig. S3 ), consistent with data from both yeast and animal cells indicating a direct role for Nhx1 in trafficking through early endosomes. Also defective in recycling were mutants lacking Ist1, a protein that is structurally related to ESC RT-III subunits and that binds to the Vps4 AAA-ATPase. Mutant ist1Δ cells are defective in Ste3-GFP-DUb and Mup1 localization, FM4-64 efflux, and growth in low tryptophan (Figs. S1 and S3). Ist1 is not strictly required for ESC RT-dependent sorting into the MVB pathway (Dimaano et al., 2008; Rue et al., 2008; Jones et al., 2012) . Recent experiments implicate Ist1 in the scission of tubules emanating from early endosomes (Allison et al., 2013) , and cryo-electron microscopy studies indicate that Ist1 can bend membranes in a manner that is topologically distinct from scission of lumenal vesicles mediated by ESC RT-III (Mc-Cullough et al., 2015) . A distinct role for Ist1 in promoting recycling also fits with previous observations that show delivery of cargo into the MVB pathway being accelerated in the absence of Ist1, which would otherwise rescue cell surface proteins from degradation. We further found that recycling is supported by mutants of Ist1 that lack their MIT-interaction motif, which is required for its functional interaction with Vps4 (Shestakova et al., 2010) , underscoring a role for Ist1 that is distinct from ESC RT-III-and Vps4-related functions on late endosomes (Fig. S2 ). It has been reported that Ist1 is a heavily ubiquitinated and unstable protein whose levels may be affected by various stresses and metabolic conditions (Jones et al., 2012) , raising the possibility that the recycling defects of some of the mutants we uncovered were caused by decreased levels of Ist1. However, Ist1 levels appear unchanged in a wide variety of recycling mutants, suggesting that their recycling defects are not caused by simple loss of Ist1 function (Fig. S2) .
Nutritional control over the recycling pathway may serve as a way to synchronize surface protein activity (e.g., amino acid transport) with metabolic activity of the cell. As shown previously, starvation for leucine shunts a wide variety of cell surface proteins to the vacuole (Jones et al., 2012) . We propose that leucine starvation regulates two coordinated, yet distinct, pathways through the Rag GTPases, Gtr1 and Gtr2. First, surface protein retention in endosomes is achieved by inhibition of the Gtr1/Gtr2>Ltv1 recycling pathway. Second, the sorting of endosomally localized cargo into the MVB pathway is elevated through inhibition of TORC1. It is not yet clear what molecular function Ltv1 provides to promote recycling or how it localizes Gtr1/Gtr2 to endosomes. Ltv1 functions in the assembly or ribosomes and is required for robust growth at lower temperature, yet this alternative function could be genetically separated from its role in the recycling pathway. The effect of Gtr1 and Gtr2 specifically on the recycling pathway is independent of TORC1, because their localization and communication with TORC1 on the vacuole is dependent on the Ego complex, loss of which has no effect on recycling. In addition, acute inhibition of TORC1 with rapamycin or compromise of TORC1 activity by knocking out the nonessential subunits TOR1 and TCO89 also had no effect. TORC1 does have an effect on the trafficking of cell-surface proteins, which is ultimately determined by increased flux through the MVB pathway by increased ubiquitination of cargo. These combined effects speak to complex layers of regulation for nutrient transporters, which we can mimic by the combined inhibition of the recycling pathway (via ltv1Δ mutation) and acute inhibition of TORC1 with a short treatment with rapamycin ( Fig. 8 D) . This model complements previous work implicating the Rag GTPases and EGO complex in trafficking of the amino acid transporter Gap1 (Gao and Kaiser, 2006) . Those studies showed that loss of Gtr1, the Ego complex, or Ltv1 diminishes both total cellular levels and cell-surface levels of Gap1. The effect of the Ego complex mutants would be explained by compromise of TORC1 function and is consistent with the effects of longer-term rapamycin treatment on the ubiquitination and MVB sorting of Gap1, as well as additional transporters shown in other studies (Crapeau et al., 2014) . In contrast, loss of another Gtr1 downstream target Ltv1 inhibits return of endocytosed transporters along the EE>PM pathway, sequestering them from the cell surface and increasing their exposure the ubiquitination and MVB trafficking machinery. Such a model emphasizes the intricacies in following endogenous cell surface proteins such as Gap1, that are subject to a variety of trafficking steps at the cell surface, TGN, early endosomes, and MVBs, where many are controlled by ubiquitination (Babst and Odorizzi, 2013; Huber and Teis, 2016) . By following Ste3-GFP-DUb and FM4-64, the effects on cargo ubiquitination and specific sorting sequences can be uncoupled, allowing the EE>PM recycling pathway to be revealed.
Materials and methods
Reagents
Yeast strains and plasmids used in this study are listed in Tables S3  and S4 . Both Sec1 and Sec7 are essential for growth, and the efficacy of the ts cells used for experiments was verified by absence of growth at 37°C (Fig. 1 D) . Plasmids expressing nucleotide-bound locked mutants of Gtr1 and Gtr2 were Gtr1 GTP , Gtr1-Q65L(active); Gtr2 GTP , Gtr2-Q66L(inactive); Gtr1 GDP , Gtr1-S20L(inactive); and Gtr2 GDP , Gtr2-S23L(active), as described previously (Binda et al., 2009) .
Cell culture conditions
Standard yeast extract peptone dextrose (YPD)-rich medium (2% glucose, 2% peptone, and 1% yeast extract) and synthetic complete (SC) minimal medium (2% glucose, yeast nitrogen base; Research Products International) lacking appropriate amino acids and bases for plasmid selection were used. Geneticin (G418), used at a concentration of 250 µg/ml, and methotrexate (Sigma-Aldrich), used as described (MacDonald and Piper, 2015) , were used for selection of yeast integrant strains. For genetic screening, the MAT α haploid deletion library (Winzeler et al., 1999) was purchased from Dharmacon. Expression of plasmids containing the CUP1 promoter was generally induced by the addition of 10-50 µM copper chloride to the medium. Medium enriched in a-factor was achieved by culturing BY4741 MAT A cells transformed with overexpression plasmid pKK16 to increase expression of the mating pheromone a-factor MFA1 and the peptide export transporter STE6 genes (Kuchler et al., 1989) , to provide robust production and secretion, respectively, of a-factor. Yeast cells were then removed by centrifugation, and the medium was used directly to induce Ste3 internalization. Cells were routinely harvested from cultures grown to early/mid-log phase (OD 600 = 0.5-1.0) or late-log phase (OD 600 = 2.0), where labeled, before fluorescence microscopy. For leucine starvation, leu2 mutant cells (BY4742 background) were grown in minimal medium containing leucine, pelleted, and resuspended in minimal medium lacking leucine for 15 or 30 min before assay.
Transformation of yeast deletion library
Transformation of the yeast gene deletion library was performed according to a high-throughput transformation protocol (Gietz and Schiestl, 2007) . In brief, yeast strains were grown in 96-well plates, pelleted by centrifugation, and incubated for 12 h at 30°C in 100 μl of 50 mM Tris, pH 8.0, 100 mM LiAc, 0.5 mM EDTA, 50% PEG, and 50 ng/µl plasmid expressing Ste3-GFP-Dub from a low copy (CENbased pRS316) plasmid under the control of the STE3 promoter. Cells were pelleted, grown, and maintained in minimal medium lacking uracil upon dilution in several new 96-well plates. Cells were grown overnight in minimal medium, pelleted, and resuspended in batches of 24 in minimal medium before imaging by fluorescence microscopy.
Immunoblotting
Yeast cells harvested at mid-log phase were subjected to alkali treatment (0.2 N NaOH) for 3 min followed by resuspension in 50 mM Tris HCl, pH 6.8, 5% SDS, 10% glycerol, and 8 M urea, to prepare whole cell lysates. Proteins resolved by SDS-PAGE were immunodetected with monoclonal antibodies raised against the HA epitope (HA.11; BioLegend), carboxypeptidase Y (10A5B5; Thermo Fisher Scientific), Pgk1 (22C5D8; Thermo Fisher Scientific), and polyclonal antibodies that recognize GFP (Urbanowski and Piper, 1999) .
Fluorescence microscopy
Yeast cells were concentrated and resuspended in minimal medium or kill buffer (100 mM Tris HCl, pH 8.0, 0.2% [wt/vol] NaN 3 , and NaF 3 ), before fluorescence microscopy. GFP, mCherry, mStrawberry, and FM4-64 signals were imaged using a BX60 epifluorescence microscope (Olympus) with a 100× objective lens, NA 1.4. Images were captured at room temperature with a cooled charged-coupled camera (Orca R2; Hamamatsu Photonics) using iVision-Mac software (Biovision Technology). Mup1-mCherry-Ub localization was recorded after 1-h incubation in minimal medium containing 20 µg/ml methionine and 5 µM copper chloride. For localization of early endosomes labeled with FM4-64 (Molecular Probes), cells grown in minimal medium were pelleted and resuspended in 40 µM FM4-64 in YPD medium and incubated for 2 min at 22°C. FM4-64 was added from a 400-µM stock containing 10% DMSO to yield a final labeling concentration of 1% DMSO. Cells were centrifuged and resuspended three times in 0°C kill buffer, resuspended in kill buffer, and stored on ice before microscopy. Labeling of ts mutants (sec1-1 and sec7-1) was accomplished by labeling cells in 40 µM FM4-64 for 2 min at 22°C in YPD. Cells were centrifuged and resuspended in minimal medium prewarmed to either 22°C or 37°C and incubated for an additional 15 min before three washes in 0° kill buffer, storage on ice, and visualization microscopy. For localization with FM4-64-labeled vacuoles, rich medium containing 40 µM FM4-64 was incubated for 10 min at room temperature, followed by three washes with minimal medium and further incubation with minimal medium for 1 h. For localization of Mup1-GFP, Mup1-GFP was expressed from the low-copy LEU2-based plasmid (pPL4070), unless in leucine starvation experiments from the URA3-based (pPL4023) plasmid. Cells were grown to mid-log phase in minimal medium lacking methionine.
FM4-64 efflux assay
To measure FM4-64 efflux under standard conditions, cells were grown in YPD to mid-log phase (OD 600 = 1), pelleted, resuspended in 200 µl YPD medium containing 40 µM FM4-64, and incubated at 22°C for 10 min. Cells were transferred to a 0°C water bath for initial chilling and then subjected to three washes (5 min each) in ice-cold buffer followed by pelleting in a cold centrifuge. Cells were stored in a 0°C ice bath at a concentrated density before addition (2,000×) of prewarmed medium at 22°C. FM4-64 fluorescence was measured by flow cytometry using a Becton Dickinson LSR II. Binned averages of ∼100,000 cells in 1-min increments were used to plot results. To measure FM4-64 efflux in sec1-1 and sec7-1 ts mutants, cells were grown in YPD at 22°C, pelleted, resuspended in 200 µl YPD medium containing 40 µM FM4-64, and incubated for 9 min at 22°C. Cells were washed three times in cold minimal medium as in the standard protocol, resuspended in 0°C minimal medium to a concentration of 400 million cells/100 µl of cold minimal medium, and stored in glass tubes immersed in a 0°C water bath. 15 µl cell suspension was then diluted in prewarmed tubes containing 2 ml prewarmed medium at 22°C or 37°C. Temperature was maintained in an insulated chamber comprising a metal cylinder immersed in a beaker containing water at 37°C or 22°C during efflux measurements taken by flow cytometry.
Limited tryptophan growth assay
Cells were grown to mid-log phase, and equivalent volumes were harvested and used to create a serial dilution (1:9) before plating on SC medium plates containing replete (40 µg/ml), moderate (5 µg/ml), or low (2.5 µg/ml) tryptophan concentrations. Wild-type parental strain (SEY6210) control cultures were included on each plate. Plates were then incubated for 48 h at 30°C, and growth was documented.
Online supplemental material
Fig. S1 shows secondary screens used to validate mutants in the recycling pathway. Fig. S2 shows the endosomal proteins that control EE>PM recycling. Fig. S3 shows that TORC1-indepedent recycling relies on specific features of Ltv1. Table S1 is a list of mutants and genotyping information. Table S2 lists mammalian orthologues of recycling mutants. Table S3 lists the strains used in this study. Table S4 lists the plasmids used in this study.
